Abstract. Commiphora myrrha (Myrrh) is widely recognized for its anti-inflammatory and antimicrobial properties, which are utilized for the treatment of oral ulcers, gingivitis, sinusitis, glomerulonephritis, brucellosis and a variety of skin disorders. The current study aimed to assess whether myrrh modulates itch-associated interleukin (IL)-31 cytokine production and histamine release in stimulated human mast cells (HMC-1). To realize this, molecular biology techniques including real-time quantitiative PCR, western blotting and ELISA were employed. The results indicated that Myrrh successfully suppressed phorbol myristate acetate and calcium ionophore-stimulated mRNA expression, and reduced the production of IL-31 in HMC-1 cells. In addition, myrrh served as a suppressor of extracellular signal-regulated kinase and NF-κB activation, indicating its mechanism in the prevention of HMC-1 cell IL-31 production. Myrrh also prevented the release of histamine in HMC-1 cells. Whilst the present study awaits in vivo support, the pharmacological actions of myrrh provide new indications as to its potential applicability for itch treatment, which cannot be treated with histamine receptor blockers alone.
Introduction
Pruritus (itch) is the hallmark of atopic dermatitis (AD) that can severely impair patient quality of life (1) . Therefore, the ultimate aim of AD management is to successfully treat itch. However, treatment is difficult due to a lack of information and an insufficient understanding of itch etiology within AD (2) .
A number of mediators have been implicated in the pathogenesis of AD itch, most notably including histamine, which has been extensively studied (3) . Histamine is released from mast cells when tissues are inflamed or stimulated by allergens and functions to induce itch by triggering the excitation of a subset of unmyelinated C-fibers (4) . Previous studies have identified four subtypes of histamine receptor coupled to guanine nucleotide-binding proteins, which include histamine receptor subtype I (H1R), histamine receptor subtype II, histamine receptor subtype III and histamine receptor subtype IV (H4R). H1R and H4R have been extensively studied and are considered to be the primary receptors that mediate AD itch, leading to the extensive use of their antagonists when managing and alleviating itch symptoms (5, 6) . Histamine has been previously demonstrated to stimulate the release of various cytokines, including interleukin (IL)-1α and IL-6, which have also been indicated to serve a role in itch (7, 8) . The signaling pathway of histamine production involves phospholipase C (PLC), phosphatidylinositol 3-kinase and protein kinase C (PKC) (8) . PLCγ catalyzes phosphatidylinositol 4,5-bisphosphate hydrolysis, yielding diacylglycerol and inositol trisphosphate, which respectively results in PKC activation and the liberation of intracellular calcium (8) . These signals subsequently lead to mast cell degranulation (8) . Cytokines have also been demonstrated to induce itch and activate neuropeptide release from sensory nerves located in the skin of patients with AD (9,10). Previous studies have revealed a cytokine (IL-31) of the glycoprotein130/IL-6 family, which directly serves a role in AD development in mice and humans (11, 12) . The results of the aforementioned studies indicate that transgenic mice that overexpress IL-31 or wild-type mice administered with recombinant IL-31 protein, develop characteristic skin phenotypes which mimic that of mice with AD. Itch in AD has also been associated with IL-31 expression in mice. In a previous study, IL-31 mRNA was expressed in NC/Nga AD model mice, who experienced itch (13) . These results indicate the importance of IL-31 in the pathogenesis of AD and particularly in itch. Until recently, various treatments have been used to relieve itch in patients with AD (14) . The use of immunomodulators and topical applications of corticosteroids result in the cessation of itch (14) . However, long-term applications may result in serious and imminent side effects such as stretch marks, small red/purple spots, small and dilated blood vessels on the surface of the skin and skin thinning, atrophy (14) . Chronic itch is difficult to treat as current therapeutic options are frequently ineffective, which emphasizes the requirement for more effective therapeutic approaches (15) . Furthermore, difficulties are experienced due to the failure of most antihistamines used in AD treatment, as histamine is not the sole mediator of itch (16) . The requirement for new therapies for itch treatment are therefore essential.
Recently, natural plant extracts and phytochemicals have been reported to potentially prevent and treat several diseases, including AD. Commiphora myrrha (Myrrh), a member of the Burseraceae plant family, is an indigenous tree native to Somalia, Ethiopia and northern Kenya (17) . Myrrh has been traditionally used in perfumes, balms for mummification, skin disease treatments and for healing wounds (18) . Myrrh is also used as an anti-inflammatory and antimicrobial agent for the treatment of oral ulcers, gingivitis, sinusitis, glomerulonephritis, brucellosis and parasitic infections (19) . In Germany, a herbal preparation containing myrrh, coffee and chamomile flower extracts with a well-known safety profile and has been used for >50 years in treatments for gastrointestinal disorders (20) . A randomized clinical trial involving the same herbal preparation demonstrated that it was well tolerated in patients and demonstrated a good safety profile, while demonstrating potential efficacy for the treatment of ulcerative colitis (21) . Previous studies have reported that myrrh contains biologically active metabolites, including volatile oils (eugenol, cuminic aldehyde, metacresol, pinene, diterpenes, limonene and sesquiterpenes), steroids, flavonoids, terpenoids, tannins, saponins and carbohydrates (22, 23) . Despite the anti-inflammatory properties of myrrh extracts, their effect on itch-associated IL-31 cytokine and histamine secretion has not yet, to the best of our knowledge, been investigated. The current study hypothesized that myrrh may inhibit IL-31 and histamine secretion in phorbol-12-myristate 13-acetate (PMA) and calcium ionophore (A23187) stimulated human mast cells (HMC-1).
Materials and methods
Chemicals. Antibodies against IL-31 (cat. no. sc-515415), ERK1/2 (cat. no. sc-135900), phospho-ERK1/2 (cat. no. sc-81492), p38 (cat. no. sc-81621), phospho-p38 (cat. no. sc-166182), JNK (cat. no. sc-7345), phospho-JNK (cat. no. sc-293136), NF-κB/p65 (cat. no. sc-8008) and phospho-NF-κB/p65 (cat. no. sc-136548) were purchased from Santa Cruz Biotechnology, Inc. Antibodies against β-actin (cat. no. 612657) were purchased from Bioscience. PMA and A23187 were purchased from Sigma-Aldrich (Merck KGaA). Western blotting reagent and western blotting buffer were purchased from Bio-Rad Laboratories, Inc. and Thermo Fisher Scientific, Inc., respectively. ELISA kits for IL-31 (cat. no. 445704) and histamine (cat. no. ENZKIT140-0001) were purchased from Biolegend, Inc. and Enzo Life Sciences, Inc., respectively. All subsequent chemicals used in the current study were reagent grade and have been listed within the text.
Plant extraction. Commiphora myrrha (Myrrh) was purchased from Omniherb (cat. no. MYR-1601). The plant was authenticated by Professor Kim Hong-Jun of the College of Oriental Medicine, Woosuk University (Jeollabuk-do, Republic of Korea) and a reference sample was stored in the laboratory. Following the method of a previous study (24) , myrrh was extracted in 80% (V/V) ethanol in 2,000 ml water for 72 h at room temperature on a shaker. The extracted sample was passed through filter paper with a pore size of 0.45 µm (Advantec Co., Ltd.), prior to being concentrated under reduced pressure in a vacuum (<1 bar). The concentrated sample was then lyophilized to obtain a powder, which was stored at -20˚C for subsequent use. The percentage yield of myrrh extract was 20% (w/w).
Cell culture and treatment with myrrh. HMC-1 cells were cultured in Iscove's modified Dulbecco's medium (Gibco; Thermo Fisher Scientific) at 37˚C with 5% CO 2 in a humidified incubator. Culture media was supplemented with 10% heat-inactivated FBS (Gibco; Thermo Fisher Scientific, Inc.) and 1% penicillin-streptomycin antibiotics (Sigma-Aldrich; Merck KGaA). Cells (5x10 5 cells/ml) were seeded into sterile six or 24-well plates for 16 h at 37˚C and treated with or without myrrh. This was performed 1 h prior to cell stimulation with 50 nM PMA and 1 µM A23187 for the indicated time periods. The control group was neither treated with myrrh extract nor stimulated with PMA+A23187. For treatment, myrrh extracts were dissolved in dimethyl sulfoxide (DMSO). The final concentration of DMSO in cells undergoing treatment was below the <0.01% non-toxicity level.
Cell viability assay. A Water-soluble Tetrazolium salts (WST) assay was used to determine cell viability. Cells were pre-treated with various concentrations of myrrh (0, 3.125, 6.25, 12.5, 25, 50 and 100 µg/ml) for 24 h at 37˚C. A total of 0.01 ml EZ-Cytox reagent (DoGenBio) was added and cells were subsequently incubated at 37˚C for 4 h. Absorbance was measured at 540 nm using a microplate reader (Tecan Group, Ltd.).
Reverse transcription-quantitative (RT-q)-PCR analysis.
HMC-1 cells (5x10 5 cells/ml) were cultured in sterile six-well dishes, pre-treated with or without myrrh at 25 and 50 µ/ml for 1 h and then stimulated with 50 nM PMA and 1 µM A23189 for 3 h at 37˚C. Total RNA was isolated and purified using an RNeasy Mini extraction kit (Qiagen GmbH), according to the manufacturer's protocol, and stored at -20˚C. A total of 1 µg RNA from each sample was reverse transcribed to cDNA using a PrimeScript™ RT Master Mix (Takara Biotechnology Co., Ltd.) with a T100TM Thermal Cycler according to the manufacturer's protocol (Bio-Rad Laboratories, Inc.). Using specific primers for IL-31 (forward, 5'-TGT GCC AAC AGA CAC CCA TG-3' and reverse, 3'-TGT TGG GCT CCA GAG GTC AA-5') and GADPH (forward, 5'-CAC TCC TCC ACC TTT GAC GC-3' and reverse, 3'-TCC ACC ACC CTG TTG CTG TA-5') as a loading control, qPCR was performed using SYBR Premix Ex Taq™ (Takara Bio Inc.). The thermocycling conditions for RT-qPCR were as follows: 95˚C for 3 min followed by 45 cycles of 95˚C for 30 sec, 60˚C for 30 sec and 72˚C for 3 sec. The final extension performed at 72˚C for 5 min. Fluorescence data was analyzed using the 2 -ΔΔCq method for relative quantification with GAPDH as a control (25) .
Western blot analysis. HMC-1 cells (5x10 5 cells/ml) were cultured in sterile six-well dishes, pre-treated with or without myrrh at 25 and 50 µg/ml for 1 h and stimulated with 50 nM PMA with the addition of 1 µM A23189 for 6 h. Whole cell proteins were extracted using radioimmunoprecipitation assay lysis buffer purchased from Thermo Fisher Scientific, Inc. The proteins were quantified using Quick Start™ Bradford 1x dye reagent (Bio-Rad Laboratories, Inc.). Whole cell protein lysate (20 µg) was separated via electrophoresis on 12% Tris-glycine gels and transferred to polyvinylidene difluoride membranes (Immobilon; EMD Millipore). Membranes were blocked with 5% non-fat dry milk in TBST (0.05% Tween-20 in TBS; pH 7.4) for 1 h at room temperature and incubated with IL-31 (1:100), ERK1/2 (1:100), phospho-ERK1/2 (1:100), p38 (1:100), phospho-p38 (1:100), JNK (1:100), phospho-JNK (1:100), NF-κB/p65 (1:100), or phospho-NF-κB/p65 (1:100) overnight at 4˚C. Blots were washed with TBST and incubated with mouse IgGκ light chain binding protein (m-IgGκ BP) conjugated to horseradish peroxidase secondary antibodies (1:10,000; cat. no. sc-516102; Santa Cruz Biotechnology, Inc.) for 2 h at room temperature. Antibody-specific proteins were then visualized using an enhanced chemiluminescence detection kit (GE Healthcare). To ensure equal protein loading, the membranes were stripped and reprobed with anti-β-actin antibodies (1:5,000). The density of each immunoblot band was analyzed using ImageJ (v64-bit Java 1.8.0_112) gel analysis software (National Institutes of Health).
Measurement of cytokine and histamine production. HMC-1 cells (5x10 5 cells) were cultured in sterile 24-well plates and pre-treated with or without at 25 and 50 µg/ml myrrh for 1 h at 37˚C. After stimulating cells with PMA+A23187 for 12 h, the cells were centrifuged at 142 x g for 2 min at 4˚C to obtain the supernatants. The concentration of IL-31 and histamine were subsequently determined using ELISA kits. For the standard curve, recombinant IL-31 and histamine standards were run alongside the samples to calculate the concentration of IL-31 and histamine. All steps were performed at room temperature and all standards and samples were assayed in triplicate.
Statistical analysis.
All data from the current study was analyzed using one-way analysis of variacnce with a Duncan's multiple range test, which were performed using SPSS version 20.0 statistical software (IBM Corp). P<0.05 was considered to indicate a statistically significant result.
Results

Myrrh extract exhibits no cytotoxicity to pre-treated HMC-1.
A WST cell viability assay was performed to evaluate the cytotoxic effects of myrrh extract in HMC-1 cells. As presented in Fig. 1 , the viability of cells were assessed 4 h after stimulation with the WST cytotoxic reagent in the absence or presence of myrrh (0, 3.125, 6.25, 12.5, 25, 50 and 100 µg/ml). The results demonstrated that HMC-1 cell pre-treatment with myrrh extract did not significantly affect cell viability. Based on preliminary RT-qPCR results for IL-31 mRNA expression the concentrations of 25 and 50 µg/ml were chosen for subsequent experimentation.
Myrrh extract suppresses IL-31 mRNA expression.
To investigate if Myrrh extract regulates IL-31 gene expression in PMA+A23187-stimulated HMC-1, cells were pre-treated with myrrh extract at 25 and 50 µg/ml for 1 h and subsequently stimulated with 50 nM PMA and 1 µM A23187 for 3 h. As presented in Fig. 2A , PMA+A23187 significantly stimulated IL-31 mRNA expression in HMC-1 cells, while pre-treatment with myrrh extract dose-dependently and significantly inhibited PMA+A23187-induced IL-31 gene expression.
Myrrh extract suppresses IL-31 protein expression. IL-31
protein expression was investigated following treatment of PMA+A23187-stimulated HMC-1 cell samples with myrrh extract at 25 and 50 µg/ml. Protein expression was detected 6 h after stimulation. As presented in Fig. 2B , PMA+A23187 significantly stimulated IL-31 protein expression in HMC-1 cells while pre-treatment with myrrh extract significantly and dose-dependently inhibited IL-31 protein expression.
Myrrh extract suppresses the production of IL-31 cytokine.
The release of IL-31 in cell culture media was investigated to confirm the effect of myrrh extract on IL-31 gene and protein expression. As presented in Fig. 2C , treatment with PMA+A23187 significantly (at 12 h) stimulated IL-31 release from HMC-1 cells into the cell culture media. However, pre-treatment with myrrh at 25 and 50 µg/ml inhibited PMA+A23187-induced IL-31 release.
Myrrh extract inhibits histamine production. As histamine has been widely implicated in AD itch, the effect of myrrh extract on histamine release was also investigated in the current study. As presented in Fig. 3 , treatment with PMA+A23187 significantly stimulated histamine release in HMC-1 cells. However, cells treated with myrrh extract (25 and 50 µg/ml) exhibited a dose-dependent and significant decrease in histamine release.
Myrrh extract suppresses mitogen-activated protein kinases (MAPK) and NF-κB activation.
To assess the mechanism of action of myrrh extract in the suppression of IL-31 gene expression and cytokine release, the activation of MAP kinases (p38, ERK and JNK) and NF-κB/p65 was determined. The results revealed that PMA+A23187 significantly stimulated the phosphorylation of p38, ERK and JNK in HMC-1 cells within 30 min of stimulation (Fig. 4) . However, pre-treatment with myrrh extract significantly and dose-dependently suppressed the phosphorylation of p38, ERK, JNK and NF-κB (Figs. 4 and 5) .
Discussion
The majority of drugs used for the treatment of itch, particularly in AD, have been demonstrated to be ineffective. This is due to the sole targeting of the histamine pathways for which histamine is not the only mediator of itch (15) . As such, there is an urgent requirement to develop drugs that will target histamine-dependent and histamine-independent itch in AD.
Drugs that are used to treat histamine-dependent itch also are typically associated with long-term side effects such as stretch marks, dilated blood vessels on the surface of the skin, skin thinning and atrophy (14) . Natural extracts and compounds are known for their significant contribution to the treatment and prevention of certain diseases (26, 27) . The current study investigated if myrrh, known for its anti-inflammatory and antibacterial activity, can inhibit itch-associated IL-31 expression and histamine release in human mast cell lines stimulated with PMA+A23187.
The results of the current study demonstrated that myrrh extract exhibited no evidence of cytotoxicity to HMC-1 in treatments up to 100 µg/ml. As a result, myrrh extract <100 µg/ml (25 and 50 µg/ml) were used to demonstrate the effects on stimulated-HMC-1 cells. The results of the present study indicated that myrrh extract significantly inhibited the expression of IL-31 mRNA in comparison with the control group. The effect of myrrh on IL-31 protein expression and release in HMC-1 cells was also investigated. Myrrh was demonstrated to inhibit the expression and release of IL-31 in HMC-1 cells. The results also demonstrated that the inhibitory effects of myrrh in IL-31 production start at the level of gene expression. Myrrh and myrrh oils have been previously demonstrated to exhibit anti-inflammatory effects by inhibiting the production of prostaglandin E2, nitrous oxide and proinflammatory cytokines including tumor necrosis factor (TNF)-α, IL-6 and IL-8, in other cell lines including peripheral macrophages, human gingival fibroblasts and epithelial cells within in vivo studies (28) (29) (30) .
To understand the mechanisms of action used by myrrh extract in inhibiting itch-associated IL-31 further, the effects of myrrh extract on NF-κB and MAPK activation was assessed. The MAPK cascade is a signaling pathway of the immune response and serves an essential role in the intracellular signal network, while also regulating cytokine expression (31) . NF-κB serves a role in the regulation of cell survival genes and the coordination of proinflammatory cytokine expression including in TNF-α and IL-6 (32). MAPK has also been implicated in NF-κB activation (33) . It has been previously demonstrated that MAPK and NF-κB/p65 activation drive IL-31 production and secretion, as potent inhibitors of MAPK and NF-κB block IL-31 release in HMC-1 cells (34) . A novel NF-κB-binding element within the IL-31 promoter has also been revealed to mediate IL-31 expression in human T helper 2 cells (35) . Major compounds found in myrrh, which include flavonoids, sesquiterpene, terpenoids and eugenol, have been revealed to inhibit the activation of the MAPK and NF-κB pathways (36) (37) (38) (39) . In the current study, the results indicated that myrrh extract inhibited the PMA+A23187-induced phosphorylation of JNK, ERK and p38. Myrrh extract also inhibited the phosphorylation of NF-κB, indicating that the action of myrrh extract in the inhibition of PMA+A23187-induced production of IL-31 is mediated by its inhibition of the MAPK and NF-κB signaling pathways.
Since histamine is released from mast cells when tissues are inflamed or stimulated by AD allergens, serving to mediate the histamine-induced itch response, the current study also assessed the effect of myrrh extract on histamine release from mast cells stimulated with PMA+A23187. PMA+A23187 has been previously demonstrated to stimulate the release .05 vs. PMA+A23187 treated cells. p, phosphorylated; PMA, phorbol-12-myristate 13-acetate; ME, myrrh extract. Figure 5 . Effect of myrrh extract on the activation of NF-κB. The phosphorylation of NF-κB was analyzed using western blot analysis. The results were quantified using ImageJ software. Band intensity for each protein expression was normalized against β-actin. Data are presented as the mean ± standard deviation of three measurements. # P<0.05 vs. untreated cells; * P<0.05 vs. PMA+A23187 treated cells. p, phosphorylated; PMA, phorbol-12-myristate 13-acetate; ME, myrrh extract.
of histamine in HMC-1 cells (40) . In the present study, the PMA+A23187 stimulation of mast cell histamine release was revealed and myrrh extract was demonstrated to inhibit this release. The results of the current study may raise the awareness of myrrh and the ability of its active compounds to target histamine-dependent and histamine-independent itch, particularly in cases where histamine receptor blockers alone are ineffective in alleviating itch.
In the present study, it was demonstrated that an anti-inflammatory effect of myrrh is the regulation of the itch-associated IL-31 cytokine release. It was also demonstrated that myrrh may be associated with the reduction of intracellular MAPK and NF-κB/p65 activation in PMA+A23187-activated HMC-1 cells. The results also revealed that myrrh inhibits histamine release in activated HMC-1 cells. The current study provides new evidence as to the anti-itch mechanism of myrrh, which has been previously used as a treatment for other skin infections, inflammatory conditions, periodontal, diarrhea and allergic diseases (41) . Conclusively, it can be expected that myrrh and its active compounds may be considered a viable candidate in AD itch treatment due to its action on mast cells. However, the current study was performed on a single cell line (HMC-1). Further studies involving other associated cell lines, including primary mast cells and in vivo experiments mimicking symptoms like itch in AD, are therefore required to ascertain these claims.
